The unfolded protein response pathway (UPR) enables the cell to cope with the buildup of unfolded proteins in the endoplasmic reticulum (ER). UPR loss-of-function mutants, hac1⌬ and ire1⌬, are also inositol auxotrophs, a phenotype associated with defects in expression of INO1, the most highly regulated of a set of genes encoding enzymes of phospholipid metabolism. We now demonstrate that the UPR plays a functional role in membrane trafficking under conditions of secretory stress in yeast. Mutations conferring a wide range of membrane trafficking defects exhibited negative genetic interaction when combined with ire1⌬ and hac1⌬. At semipermissive temperatures, carboxypeptidase Y transit time to the vacuole was slower in Sec Ϫ cells containing an ire1⌬ or hac1⌬ mutation than in Sec Ϫ cells with an intact UPR. The UPR was induced in Sec Ϫ cells defective in subcellular membrane trafficking events ranging from ER vesicle trafficking to distal secretion and in erg6⌬ cells challenged with brefeldin A. However, the high levels of UPR induction observed under these conditions were not correlated with elevated INO1 expression. Indeed, many of the Sec Ϫ mutants that had elevated UPR expression at semipermissive growth temperatures failed to achieve wild-type levels of INO1 expression under these same conditions.
T HE unfolded protein response pathway (UPR) is
accumulation of misfolded proteins in the ER (Nikawa et al. 1996 ; Shamu and Walter 1996; Sidrauski et al. a stress response pathway that is activated when 1996; Cox et al. 1997) . In addition, ire1⌬, hac1⌬, or unfolded proteins accumulate in the endoplasmic reticrlg1-100 mutants are inositol auxotrophs (Nikawa and ulum (ER; Cox et al. 1993; Cox and Walter 1996; Mori Yamashita 1992; Cox et al. 1993; Nikawa et al. 1996; , 1993 . In yeast, the UPR consists of three Sidrauski et al. 1996) , a phenotype associated with decomponents: Ire1p, Hac1p, and Rlg1p. Ire1p is a unique fects in expression of genes related to phospholipid ER transmembrane spanning protein kinase/endoribometabolism, especially INO1, the structural gene encodnuclease. Hac1p is a transcription factor that is required ing myo-inositol 3-phosphate synthase (for review see for expression of UPR-responsive genes, including proHenry and Patton-Vogt 1998). INO1 and coregulated tein-folding chaperones, such as Kar2p (BiP; Kohno et genes of phospholipid metabolism contain the inositolal. 1993; Mori et al. 1992 Mori et al. , 1993 ; Nikawa and Yamashita sensitive upstream activating sequence (UAS INO ) re-1992). When improperly folded proteins accumulate in peated element in their promoters and exhibit complex the ER, Ire1p autophosphorylates, thereby activating transcriptional regulation in response to a variety of the Ire1p endoribonuclease activity, which catalyzes the environmental factors including the availability of solusplicing of the HAC1 mRNA  ble precursors of phospholipid metabolism such as ino- Mori et al. 2000) , followed by ligation by Rlg1p, a tRNA sitol (Carman and Henry 1999). Wild-type yeast cells ligase (Sidrauski et al. 1996) . Since only the spliced express INO1 and other UAS INO -containing genes at a form of HAC1 mRNA is effectively translated (Chapman high level when inositol is limiting in the growth meand Walter 1997; Kawahara et al. 1997) , this regulated dium and repress these same genes when inositol is splicing leads to expression of Hac1p and subsequent plentiful (Hirsch and Henry 1986; Greenberg and activation of transcription of genes such as KAR2, containLopes 1996; Carman and Henry 1999; Loewen et al. ing the unfolded protein-responsive element (UPRE) in 2004). Cox et al. (1997) reported that the UPR is actitheir promoters.
vated in the absence of inositol and suggested that the Cells carrying ire1⌬, hac1⌬, or rlg1-100 mutations are activation of the UPR might be directly involved in the sensitive to drugs such as tunicamycin, which causes mechanism by which INO1 transcription is activated when inositol is limiting.
In an earlier study, we explored the relationship be-1 in Table 1 . Yeast strains listed in Table 1 are of the S288C olism in mutants defective in the phosphatidylinositol and W303 genetic backgrounds. Strains were constructed by (PI)/phosphatidylcholine (PC) transporter encoded by standard tetrad analysis (Sherman et al. 1978; Rose et al. 1990 ).
the SEC14 gene (Chang et al. 2002) . While the SEC14 (Cleves et al. 1991) . Double mutants, such as disruption of IRE1 in the CK Y8 genetic background. A 1.5-sec14 ts cki1⌬, when shifted to a semipermissive or restrickb deletion cassette containing the bacterial KanMX gene was amplified by PCR using pFA6-KanMX4 as a template and IRE1-tive temperature for sec14 ts , exhibit multiple abnormali-S1 and IRE1-S2 as the primers (Wach et al. 1994) . The ties in phospholipid metabolism, including both ele- et al. 1991) . Transformants were selected on YEPD containing activation (Chang et al. 2002) . These observations are 200 mg/liter geneticin (YEPD ϩ G418; Calbiochem, La Jolla, consistent with the hypothesis of Cox et al. (1997) Table 1 for the full genotype), of secretory stress.
carrying the wild-type SEC13 gene on a plasmid (pRS316; CEN; URA3 marker; provided by Dr. Chris Kaiser) was transformed with pHAC1 i or an empty vector (YCp50; CEN; LEU2 marker). Since the SEC13 gene is essential for growth, the SEC13 null MATERIALS AND METHODS mutant is obligated to carry and express the wild-type SEC13 Media and growth conditions: Yeast extract peptone media gene on a plasmid for its survival. The double transformants with dextrose (YEPD) and synthetic medium, with (I ϩ ) or simultaneously carrying pSEC13 and an empty vector or without (I Ϫ ) inositol, or containing tunicamycin (tm) with or pSEC13 and pHAC1 i were grown for 1 day on plates containwithout leucine or uracil were prepared as previously deing synthetic medium lacking uracil and leucine and then scribed (Chang et al. 2002) . Media containing brefeldin A replica plated onto plates lacking leucine and containing 5-fluoro-(BFA; Sigma, St. Louis) were prepared as described by Graorotic-acid (5-FOA) and incubated for an additional 3 days at ham et al. (1993) and Vogel et al. (1993) .
room temperature. The expression of the URA3 gene is toxic to cells exposed to 5-FOA, forcing the transformants to lose Yeast strains: The genotypes and sources of strains are listed This study the pSEC13 plasmid, thus obligating them to depend on exfollowed by resuspension and boiling with glass beads in suspension buffer (50 mm Tris-HCl pH 7.5, 1 mm EDTA, 1% pression of pHAC1 i for survival. ␤-Galactosidase assays: To assay UPRE-CYC-lacZ expression, SDS). After a fivefold dilution with IP dilution buffer (60 mm Tris-HCl pH 7.5, 6 mm EDTA, 190 mm NaCl, 1.25% Triton strains were transformed to uracil prototrophy with pJC104, containing UPRE-CYC-lacZ, provided by Dr. Peter Walter (Cox X-100), samples were precleared by centrifugation to remove insoluble material. Carboxypeptidase Y (CP Y) was immunoand Walter 1996). Transformants were precultured to midlogarithmic phase of growth at 25Њ in synthetic medium lackprecipitated from each sample by incubating with rabbit anti-CP Y antibodies (Rockland, Gilbertsville, PA) and protein ing uracil. Cells were collected by centrifugation, washed with sterile dH 2 O, and diluted to OD 600 ϭ 0.1 in medium lacking A-sepharose CL-4B (Sigma) in IP buffer (50 mm Tris-HCl pH 7.5, 5 mm EDTA, 150 mm NaCl, 1% Triton X-100, 0.2% SDS). uracil and shifted to the designated temperature to grow for 3 additional hours. Samples (1 ml) were taken and analyzed Washed immunoprecipitates were eluted with sample buffer, separated on 8% SDS polyacrylamide gels, and visualized by for ␤-galactosidase activity using the Yeast ␤-galactosidase assay kit (Pierce, Rockford, IL). For UPRE-CYC-lacZ expression assay autoradiography. A digital image of the gel was acquired by scanning the autoradiograph. To obtain the signal intensity in BFA-treated erg6⌬ cells, HC Y104 and HC Y362 were transformed with pJC104 (UPRE-CYC-lacZ). Cells were prepared of each species of CP Y, the digital image was analyzed by Kodak digital science 1D image analysis software (Eastman as described above except that their initial OD 600 was 0.5. Indicated amounts of BFA were added to medium lacking Kodak, Rochester, NY). The relative total labeling of CPY was estimated by summing up the signal intensity of p1, p2, and uracil and cells were grown at 30Њ, and ␤-galactosidase activity was measured as described above. mature (mCPY) on each autoradiograph. The proportion of each species of was then calculated by dividing the separate To assess INO1 expression, strains were transformed to uracil prototrophy with pJH359 (INO1-CYC-lacZ) and transformants signal intensity of p1, p2, or m by the sum of the intensity of the three bands. were precultured at 25Њ to midlog phase of growth in synthetic medium with (I ϩ ) or without (I Ϫ ) inositol. Cells were then shifted to the indicated temperature for 3 hr and ␤-galactosidase was measured. RESULTS Northern blot analysis: Cells were precultured overnight to midlogarithmic phase of growth at 25Њ in YEPD medium. olar targeting, pep12⌬ (Becherer et al. 1996) , were also Spheroplast labeling and immunoprecipitation were carried analyzed).
out essentially as described by Webb et al. (1997) . All strains Activation of the UPR in wild-type and mutant strains were grown at the temperatures indicated in Figure 5 and in the text to midlogarithmic phase (OD 600 ϭ 0.6-1.0) at 24Њ
( Figure 1A ) was assayed using an UPRE-CYC-lacZ rein either Wickerman's sulfate-free medium containing 200 m porter gene, as described in materials and methods. (pep12⌬) were transformed with pJC 104 (UPRE-CYC-lacZ). Transformants were precultured at 20Њ to midlogarithmic phase of growth in medium lacking uracil and shifted to indicated temperatures. Samples were taken after 3 hr following the shift and analyzed for ␤-galactosidase activity as described in materials and methods. ␤-Galactosidase activity unit was defined as OD 420 /min/ml. (B) Transcription of UPRE is induced at 30Њ in BFAtreated erg6⌬ cells. HCY 104 (wt) and HC Y362 (erg6⌬) carrying pJC104 (UPRE-CYC-lacZ) were grown in uracil dropout medium containing 0, 10, 25, and 50 mm BFA. Samples were taken at 2 hr. ␤-Galactosidase activity unit was defined as OD 420 /min/ml. (C) Splicing of HAC1 transcripts is elevated in sec13 ts -1 cells. Northern blot analysis was performed to monitor splicing of HAC1 mRNA in sec13 ts -1 cells (CK Y49) grown at 25Њ and 30Њ. As a control, splicing of HAC1 mRNA was also monitored in wild-type cells (CK Y8) treated with 1 mm tunicamycin (Tm). Cells were precultured overnight in YEPD medium at 25Њ and shifted to indicated temperatures (for wild-type positive control, 1 mm Tm was added). Samples were taken after 3 hr following the temperature shift. ACT1 mRNA is shown as a loading control.
Ͼ3-fold in the sec12
ts -4 and sec23 ts -1 strains, in compariis defective in vacuolar targeting and is not temperature sensitive, exhibited UPRE expression levels approxison to wild type, at the permissive temperature of 25Њ ( Figure 1A ). At the semipermissive temperature of 30Њ, mately fourfold higher than wild-type grown under identical conditions at all temperatures tested ( Figure 1A ). UPRE expression 7-to 10-fold higher than that of wild type was observed in sec12 -3 strains, which are strain in a previous study (Chang et al. 2002) . The mechanism of UPR activation involves splicing defective in vesicle docking and fusion, also exhibited a five-to eightfold elevation in UPRE-driven ␤-galactosiof the HAC1 transcript by Ire1p, following activation of Ire1p by autophosphorylation (Cox et al. 1993 ; Mori et dase activity at 30Њ ( Figure 1A ). In the sec21 ts -1 strain, which has a defect in COPI coatomer, UPRE expression al. 1993; Cox and Walter 1996) . To determine whether HAC1 splicing was elevated under secretory stress, was elevated more than fivefold at 30Њ and 33Њ, as compared to wild type ( Figure 1A ). UPRE expression threeNorthern blot analysis was performed on RNA extracted from sec13 ts -1 cells. As a control, wild-type cells were to sevenfold higher than that of wild type was also observed at the semipermissive temperature of 30Њ or 33Њ treated with 1 mm tunicamycin, which has been shown to elicit the UPR ts -1 cells grown at 25Њ contained only the full-length (unspliced) HAC1 transcript ( Figure 1C ). As expected, tunicamycin-treated wild-type cells contained two distinctive sizes of HAC1 mRNA corresponding to unspliced (HAC1 u ) and spliced (HAC1 i ) mRNA ( Figure 1C ). sec13 ts -1 cells grown at the semipermissive temperature of 30Њ, in the absence of tunicamycin, likewise contained both the spliced and unspliced forms of HAC1 transcript ( Figure 1C ), confirming that HAC1 mRNA is actively spliced in sec13 ts -1 cells at 30Њ. We observed a modest increase in the expression of ␤-galactosidase from the UPRE-CYC-lacZ construct after shifting wild-type cells to 36Њ (data not shown). Since changes in growth temperature are known to cause changes in metabolism, including alterations in the pattern of turnover of membrane lipids (Dowd et al. 2001) , we examined activation of the UPR in strains treated with or without the fungal metabolite BFA at 30Њ. BFA blocks secretion, results in loss of COPI coats from the Golgi, and causes redistribution of Golgi enzymes to the ER (Lippincott-Schwartz et al. 1989; Klausner et al. 1992; Kreis et al. 1995; Sciaky et al. 1997; Seemann et al. 2000) . Unlike mammalian cells, most Saccharomyces cerevisiae strains are insensitive to BFA. However, erg6 mutants, which are defective in biosynthesis of ergosterol, exhibit sensitivity to BFA presumably due to increased membrane permeability (Graham et al. 1993 ; the erg6⌬ strain ( Figure 1B) . Similar elevated levels of were precultured at 30Њ to midlogarithmic phase of growth UPRE-driven ␤-galactosidase expression were observed in I ϩ medium lacking uracil. Cells were filtered and resuspended in I ϩ or I Ϫ medium lacking uracil at an OD 600nm ϭ at equivalent time points in erg6⌬ cells grown in medium 0.5. Cultures were incubated at 30Њ for an additional 3 hr and containing 50 mm BFA ( Figure 1B ).
analyzed for ␤-galactosidase activity.
INO1 expression is reduced in Sec
Ϫ mutants experiencing secretory stress: INO1 expression was assayed in a selection of the Sec Ϫ mutants as described in materials 25Њ (Figure 2A) . A further reduction in INO1-CYC-lacZ and methods using an INO1-CYC-lacZ reporter gene.
expression was observed in these strains when they were All of the mutants tested exhibited reduced INO1 exshifted to the semipermissive temperatures of 30Њ or pression compared to wild type when cultured at semip-33Њ. Of the strains tested (Figure 2) , the sec22 ts -3 strain ermissive growth temperatures in inositol-free (I Ϫ ) meshowed the lowest level of INO1 expression at 30Њ dium ( Figure 2A ). This effect was most pronounced in ‫%01ف(‬ of wild-type levels; Figure 2A Ϫ medium shifted to 30Њ compared to strains. In these cases, ␤-galactosidase activity from the the same cells grown continuously at 25Њ (Figure 2A (Figure 2A) .
were not generated. In all other cases, the double mutants, Sec Ϫ ire1⌬ or Sec Ϫ hac1⌬, failed to grow at a Since the UPR is known to be activated under inositollimiting conditions (Cox et al. 1997) , we examined both temperature ‫2ف‬Њ-3Њ lower than that of the corresponding Sec Ϫ parent ( Figure 3A ; Sec Ϫ hac1⌬ data not shown Figure 3A) . The sec16 ts -2 ire1⌬ hours to I Ϫ medium (Figure 2 , B and C). Wild-type transformants treated in this fashion showed modest and sec16 ts -2 hac1⌬ strains grew poorly even at 25Њ, while the sec16 ts -2 parental strain was able to grow, although expression from the UPRE reporter gene following the shift to I Ϫ medium at 30Њ, as well as derepression of the poorly, at temperatures up to 30Њ ( Figure 3A) . Double mutants simultaneously defective in the UPR and sec12 ts -INO1 reporter construct (Figure 2 , B and C), consistent with the report of Cox et al. (1997) .
4 ( Figure 3A) Figure 3A) . about one-third of the level seen in the wild-type strain ( Figure 2C) .
The ire1⌬ and hac1⌬ mutations were also crossed into the erg6⌬ genetic background to assess their effect on The hac1⌬ and ire1⌬ mutations exhibit partial synthetic lethality with mutations conferring defects in BFA sensitivity. While growth of the erg6⌬ parental strain was completely inhibited by the presence of 100 mm membrane trafficking: Sec Ϫ ire1⌬ and Sec Ϫ hac1⌬ strains were generated for each of the Sec Ϫ mutants used in BFA, as previously reported (Graham et al. 1993; Shah and Klausner 1993; Vogel et al. 1993) , and was unafthis study and, in most cases, double-mutant progeny were found to have growth defects that were more exfected by 25 or 35 mm BFA in YEPD medium ( Figure  4 ), the erg6⌬ ire1⌬ and erg6⌬ hac1⌬ double-mutant treme than those of the corresponding parental Sec Ϫ single mutant. Examples of Sec Ϫ ire1⌬ double mutants, strains were inhibited by 35 mm BFA (Figure 4) . Thus, the presence of a UPR mutation results in an increased from each of the categories of Sec Ϫ mutants used for the temperature-shift experiments described above, are sensitivity of erg6⌬ to BFA. Growth of a subset of the Sec Ϫ strains was also examshown in Figure 3A . Sec Ϫ hac1⌬ double-mutant strains, which are not shown, had phenotypes very similar to ined at the semipermissive temperature of 30Њ on media containing or lacking inositol. As reported by Nikawa the corresponding Sec Ϫ ire1⌬ strains. No change was detected in the growth pattern on YEPD plates in reand Yamashita (1992), ire1⌬ ( Figure 3B ) and hac1⌬ strains (data not shown) exhibit somewhat "leaky" insponse to temperature of double mutants involving sec1 ts -1 (Figure 3A ) or pep12⌬ with ire1⌬ or hac1⌬, and ositol auxotrophy (Ino Ϫ phenotype; Figure 3B ). The -1 ire1⌬) were precultured to midlogarithmic phase of growth at 20Њ in YEPD medium. The concentration of the cells was adjusted to OD 600 ϭ 0.7 with sterile dH 2 O. Cells were initially diluted 1:100 using dH 2 O followed by 1:10 serial dilutions. Four microliters of cells from each dilution were spotted on YEPD plates and allowed to grow at the designated temperatures for 3 days. (B) Strains generated as described in A, above, were precultured to midlogarithmic phase of growth at 25Њ in I ϩ medium, washed twice, and spotted as a series of dilutions (1:10) on I ϩ or I Ϫ medium and incubated at the temperatures shown. In the top, the phenotypes of four spore colonies from the cross of ire1⌬ to sec17-1 are shown. Below, the wild-type and ire1⌬ colonies are omitted.
sec13-1 strain also has a leaky Ino Ϫ phenotype at its of the intron in HAC1 i results in constitutive activation of the UPR, even in ire1⌬ strains (Cox and Walter semipermissive temperature of 30Њ ( Figure 3B ) as reported by Gilstring et al. (1999) . The sec14 ts -3 strain 1996; Kawahara et al. 1997 Kawahara et al. , 1998 Mori et al. 2000) . The sec15 ts -1 and sec14 ts -3 mutants transformed with also grows more poorly in I Ϫ medium at the semipermissive temperature of 33Њ ( Figure 3B ), as reported by pHAC1 i appeared to grow more poorly than the same strains carrying vector alone (data not shown), a result Kearns et al. (1997) and Chang et al. (2002) . In a number of cases tested, the double mutants (i.e., Sec Ϫ consistent with the reports of Kawahara et al. (1997) and Mori et al. (2000) i (data not shown). While the growth of the with ire1⌬ is shown in Figure 3B . Figure 3A ). This result was not effect of the UPR on membrane trafficking, we monitored the kinetics of processing in several Sec Ϫ mutants, with and without a deletion in either IRE1 or HAC1. These experiments were conducted at temperatures in which the UPR is activated in the corresponding Sec Ϫ mutant, as determined in the experiments depicted in Figure 1A . In each case, the temperature selected was permissive or semipermissive for the corresponding Sec Ϫ mutant, but restrictive in strains carrying the given Sec Ϫ mutation in combination with ire1⌬ or hac1⌬ (i.e., the specific Sec Ϫ ire1⌬ or Sec In the wild-type strain at 30Њ, the 67-kD ER form of However, HAC1 i was not able to restore sec13 ts -1 even after 30 min. This observation is consistent with the reported ER to Golgi vesicular transport defect growth under any condition (with or without inositol) at temperatures of 33Њ or greater ( Figure 5C ), suggestof sec13 mutants (Novick et al. 1980 (Novick et al. , 1981 . In the sec13 ts -1 ire1⌬ strain, which is not capable of sustained growth ing that HAC1 i expression cannot suppress complete loss of Sec13p function. To test this idea, a sec13⌬ strain at 30Њ, the kinetics of CPY processing at 30Њ were slowed still further as compared to both the wild-type and carrying the wild-type SEC13 gene on plasmid pRS316 was transformed with pHAC1 i or an empty vector (YCp sec13 ts -1 strains at 30Њ. In this strain, after 10 min, less than one-quarter of labeled CPY was present in mCPY 50) and a plasmid "shuffling" experiment was performed, as described in materials and methods.
( Figure 6 , A and C). Comparable slowing in the appearance of mCPY was observed in the sec17 ts -1 ire1⌬ and When the transformants were forced to lose pSEC13, they failed to grow even when pHAC1 i was present (data sec22 ts -3 ire1⌬ strains relative to the sec17 ts -1 and sec22 ts -3 strains, respectively (data not shown), suggesting that not shown), indicating that expression of the HAC1 i gene cannot compensate for the total loss of Sec13p.
slowing of CPY processing is not unique to the sec13 ts -1 ire1⌬ strain. Moreover, the kinetics of processing in A functional UPR pathway improves the kinetics of transport to the vacuole in Sec Ϫ mutants: To assess the an ire1⌬ strain were identical to wild type (data not i (intronless HAC1). Transformants were precultured to midlogarithmic phase of growth (OD 600 ϭ 0.5) at 20Њ in medium lacking leucine, spotted as a 10-fold dilution series on leucine-free plates containing (I ϩ ) or lacking (I Ϫ ) inositol, and incubated for 3 days at the indicated temperature.
shown), indicating that the UPR pathway defect does alone, whereas in sec13 ts -4 hac1⌬ cells transformed with pHAC1 i , ‫%08ف‬ of the label was present in mCPY after not appreciably affect normal membrane trafficking in the absence of secretory stress. 30 min. We also measured the time course of CPY processing in the sec13 ts -4 hac1⌬ strain expressing the HAC1 i gene DISCUSSION from a centromeric plasmid and compared it to processing in the same strain transformed with an empty In this study, we have documented a functional intervector ( Figure 6B ). Transformants were briefly shifted action between the UPR and the secretory pathway. The to 35Њ, conditions in which the HAC1 i gene product UPR is activated in Sec Ϫ mutants defective in events rescues the growth defect of sec13 ts -4 hac1⌬ strains (Fig- extending from ER vesicle trafficking to distal secretion ure 5A). Transformants were then subjected to pulseand in Pep Ϫ mutants defective in vacuolar targeting chase analysis as described above. In the sec13 ts -4 hac1⌬ (Figure 1 ). The UPR is also activated in erg6⌬ cells chalstrain transformed with an empty vector, most of the lenged with BFA (Figure 1) . Moreover, our results indilabeled CPY remained in the ER (p1) form throughout cate that activation of the UPR plays a functional role the time course (Figure 6 , B and C). However, in the during secretory stress, facilitating protein trafficking sec13 ts -4 hac1⌬ strain transformed with the HAC1 i gene, in cells experiencing partial impairment in secretory the kinetics of CPY processing were markedly faster than function. This conclusion is supported by the partial in the control transformed with vector alone (Figure 6 , synthetic lethality of the ire1⌬ and hac1⌬ mutations in B and C). After 10 min, about one-third of the labeled combination with a large majority of Sec Ϫ mutants CPY was present in mCPY compared to ‫ف‬ Ͻ20% in tested in this study (Figure 3) , as well as the partial transformants containing vector alone ( Figure 6 , B and suppression of certain Sec Ϫ phenotypes by HAC1 i (Fig-C) . After 30 min, less than half of labeled CPY was ure 5). The slowing of CPY processing in Sec Ϫ strains carrying a UPR mutation and the rescue of these defects processed to m in the transformants carrying vector which occurs under conditions of secretory stress, is not correlated with elevated INO1 expression.
The role of the UPR and the secretory pathway in expression and regulation of the INO1 gene: INO1 is one of a large number of coregulated genes, which contain the promoter element UAS INO and respond to the availability of inositol in the growth medium (Carman and Henry 1999). While the mechanism by which the cell regulates INO1 in response to inositol and other precursors of lipid metabolism has not been fully elucidated, it is known that the Ino2p and Ino4p transcription factors bind to UAS INO to activate transcription (Carman and Henry 1989; Lopes et al. 1991; Ambroziak and Henry 1994; Schwank et al. 1995; Greenberg and Lopes 1996) . Furthermore, the negative regulator, Opi1p, is required for repression of UAS INO -containing genes in response to inositol (White et al. 1991) . Recent evidence suggests that changes in the pattern of membrane phospholipid synthesis, produced in response to the incorporation of exogenous inositol, result in translocation of the negative regulator, Opi1p, to the nucleus from the endoplasmic reticulum and that Opi1p translocation coincides with repression of INO1 (Loewen et al. 2004) . Cox et al. (1997) suggested that activation of INO1 transcription in the absence of inositol might be linked In support of this hypothesis, Cox et al. (1997) showed
The rate of conversion of to its mature form was determined by that the UPR is activated in wild-type cells growing in (Chang et al. 2002) . However, deletion of HAC1 or IRE1 mid was measured by pulse labeling cells at 35Њ and chasing did not eliminate overexpression of INO1 in sec14 ts cki1⌬
with cold amino acids for the indicated times. Processing of cells (Chang et al. 2002) to maintain wild-type INO1 expression levels in the absence of UPR activation (Cox et al. 1997; Chang et al. 2002) . Another possibility is that inositol deprivation by HAC1 i provide direct confirmation that UPR plays results in a stress condition that elicits UPR activation a role in facilitating protein processing under these and that UPR activation under these circumstances is conditions ( Figure 6 ). essential in much the same way that it is in wild-type However, under conditions of secretory stress created cells experiencing stress due to the buildup of unfolded by elevating Sec Ϫ mutants to a semipermissive temperaproteins following exposure to tunicamycin. We proture, the observed activation of the UPR does not result pose that providing inositol to UPR mutants under such in elevated INO1 expression compared to wild type, even circumstances alleviates the underlying stress condition when inositol is absent. Indeed, under conditions of that necessitates UPR activation for survival, thus exsecretory stress, in Sec Ϫ cells exposed to semipermissive plaining the Ino Ϫ phenotype. Since inositol limitation growth conditions, INO1 expression is actually reduced (Cox et al. 1997; Chang et al. 2002) and secretory stress compared to wild type ( Figure 2 ) and some strains, such (Figure 1 ) both result in UPR activation, we questioned as sec13 ts -1 and sec14 ts -3 grown at their semipermissive whether these two stress conditions might have additive temperatures, actually require inositol for growth (Figure 3B) . Thus, it appears that the activation of the UPR, effects upon the level of UPRE and/or INO1 expression.
Indeed, shifting the sec13 ts -1 strain to inositol-free mesemipermissive temperatures of 30Њ and 33Њ was very surprising given that high levels of UPRE activation were dium at the semipermissive temperature of 30Њ resulted in an increase of ‫%03ف‬ in UPRE expression over the previously observed at both 30Њ and 37Њ (Chang et al. 2002) in sec14-3 ts strains carrying the bypass suppressor, already elevated levels seen in this strain at 30Њ in the presence of inositol (Figure 2 (Figure 5 ), whereas the parent sec13 ts -1 excretes inositol into the growth medium (PattonVogt et al. 1997; Chang et al. 2002) . In contrast, the strain transformed with the vector grows well only up to ‫03ف‬Њ and only if inositol is present ( Figure 5 ). Figure 2C ). Similar reductions in INO1-CYC-lacZ expression levels, for phosphatidylcholine synthesis, is presumably a consequence of the specific mechanism of suppression relative to the wild-type control were observed in all of the Sec Ϫ mutants assayed after growth in inositol-free (Patton-Vogt et al. 1997; Henry and Patton-Vogt 1998; Chang et al. 2002) . media at semipermissive conditions (Figure 2A) . The absence of a correlation between UPRE and INO1 exRegardless of the explanation for the general lack of correlation between UPR activation and INO1 exprespression was even more apparent in sec13 ts -1 cells grown at 30Њ in the presence of inositol (compare Figure 2B sion in Sec Ϫ mutants, it is clear that INO1 expression is reduced in Sec Ϫ mutants experiencing secretory stress. and 2C). Under these growth conditions, UPRE expression was greatly elevated in sec13 ts -1 cells ( Figure 2B ).
The inhibitory effect of secretory stress on transcription of INO1 is similar to the effect of secretory stress on Yet, INO1-lacZ expression in the sec13 ts -1 strain at 30Њ was fully repressed when inositol was present (Figure transcription of rRNA and ribosomal protein genes. Mizuta and Warner (1994) showed that the function 2C). Clearly, activation of the UPR during secretory stress does not result in activation of INO1 when inositol of the entire secretory pathway is essential for ribosomal synthesis. Nierras and Warner (1999) subsequently is present.
The sec14-3 ts mutation, unlike the other Sec Ϫ mutademonstrated that rRNA transcription and ribosomal protein synthesis are slowed in cells undergoing secretions analyzed here, does not affect an immediate component of the secretory apparatus itself. Rather, Sec14p tory stress and that this response is not transduced by the UPR. Rather, they concluded that the effect on is a lipid transfer protein that binds both phosphatidylinositol and phosphatidylcholine (Aitken et al. 1990 ).
rRNA and ribosomal proteins genes in cells with secretory defects may be controlled by a mechanism involving sec14 mutations result in a wide range of changes in both lipid metabolism and membrane trafficking (Novick et the protein kinase C signal transduction pathway related to membrane stress. In similar fashion, under condial. 1980 , 1981 Bankaitis et al. 1989; Aitken et al. 1990; Cleves et al. 1991; Kearns et al. 1997 ; Patton-Vogt et tions of secretory stress, signals other than those generated by the UPR may take precedence in controlling al. Henry and Patton-Vogt 1998; Sreenivas et al. 1998; Xie et al. 1998) . Surprisingly, despite the wide expression of INO1 and other UAS INO -containing genes. INO1 expression is known to be influenced by growth range of Sec Ϫ mutants that exhibited UPRE activation at their semipermissive temperatures, we did not obphase and nutrient availability Griac and Henry (1999) and the glucose response pathway has also been shown serve this effect in the sec14-3 ts single mutant. The failure to observe UPRE activation in the sec14-3 ts strain at the to influence the levels of INO1 expression (Ouyang et al. 1999; Shirra and Arndt 1999; Shirra et al. 2001 Shirra et al. ). al. (2001 and Vashist et al. (2001) demonstrated that degradation of soluble substrates by ERAD requires ERFor these reasons, we are currently examining the relative roles of several other signal transduction pathways Golgi transport, suggesting a functional relationship involving ERAD and membrane trafficking from the ER. in transducing signals from the secretory pathway to the regulatory apparatus controlling INO1 transcription.
We have demonstrated similar synthetic lethality involving UPR and secretory mutations. In most cases, The UPR plays a functional role in cells experiencing secretory stress: The idea that the UPR might play a Sec Ϫ Upr Ϫ double mutants had more severe growth phenotypes than the corresponding Sec Ϫ parent. These functional role in exit from the ER and/or be induced by any slowing of ER-specific steps seems quite logical results are consistent with the hypothesis that UPR induction provides protection to cells experiencing stress given that the UPR is known to regulate gene expression in response to stress in the ER. Several previous studies resulting from partial impairment of membrane trafficking and/or inositol limitation. Also consistent with have suggested that the UPR might be activated in mutants having defects in specific early steps in membrane this hypothesis is the partial suppression (i.e., elevation of the restrictive temperature by several degrees and trafficking in yeast. For example, Rose et al. (1989) Figure 6 ). Thus, the UPR not only is activated under secretory stress, but also plays a role in accumulation of secretory proteins in the ER in sec22 ts -3 cells at permissive temperatures could lead to proliferfacilitating membrane trafficking and cell survival under these conditions. ation of the ER, thereby activating the UPR.
The experiments we report here using BFA-treated By what mechanism might secretory stress signals generated in membrane compartments, other than the ER, erg6⌬ cells and a wide range of secretory mutants suggest that the UPR can be triggered by secretory stress inresult in UPR activation? One possibility is that disruption of post-Golgi trafficking perturbs the balance of duced not only by mutations affecting exit from the ER, but also by mutations affecting a number of compartanterograde and retrograde membrane transport pathways between the ER and Golgi by affecting the rate and/ ments of the secretory pathway. In the case of mutants such as sec12 or efficiency of protein sorting at the Golgi. It has been suggested that for protein sorting in late-Golgi compartwhich have defects in COPII vesicle formation, and in erg6⌬ cells treated with BFA, UPR activation might be ments, anterograde and retrograde transport pathways coexist and compete with each other (Cole et al. 1998) . triggered by disruption of the ER organization and accumulation of secretory cargo proteins as suggested by
In mammalian cells, it has been shown that Golgi resident proteins continually cycle through the ER (Cole Belden and Barlowe. However, activation of the UPR in mutants defective in vacuolar targeting (pep12⌬) and et Miles et al. 2001; Ward et al. 2001) . It has been suggested that one function for this recycling is the Sec6p complex ( Figure 1A) indicates that secretory stress induced in compartments distal to the ER is also to allow Golgi residents to be periodically surveyed by the protein-folding machinery in the ER where they able to elicit the UPR through Ire1p, a kinase believed to be localized exclusively in the ER (Cox et al. 1993) .
could be either refolded or degraded through the ERAD pathway (Cole et al. 1998; Ng et al. 2000) . When anteroIn a related recent report, Leber et al. (2004) have shown that ER-distal stress boosts HAC1 mRNA abungrade pathways are blocked or slowed, retrograde pathways predominate, leading to a return of secretory and dance.
Travers et al. (2000) demonstrated that activation of resident proteins to the ER through normal recycling pathways. The ER might sense the accumulation of these the UPR affects expression of genes controlling a broad array of ER and secretory functions including ER-associproteins, which, in turn, might account for activation of the UPR. Alternatively, there may be as yet unidentified ated protein degradation (ERAD), ER-to-Golgi transport, Golgi-to-ER retrieval, vacuolar targeting, distal signaling that occurs between compartments of the secretory pathway serving to coordinate the overall flow secretion, and cell wall biogenesis. Travers et al. also showed that the UPR was activated in ERAD mutants of materials between compartments. Clearly, whatever the mechanism, the UPR is activated under secretory and that ire1⌬ and hac1⌬ mutants exhibit synthetic lethality with ERAD mutations. Moreover, Caldwell et stress generated in a number of membrane compart-
